We present an experimental platform of operando nanoindentation that probes the dynamic mechanical behaviors of electrodes during real-time electrochemical reactions. The setup consists of a nanoindenter, an electrochemical station, and a custom fluid cell integrated into an inert environment. We evaluate the influence of the argon atmosphere, electrolyte solution, structural degradation and volumetric change of electrodes upon Li reactions, as well as the surface layer and substrate effects by control experiments. Results inform on the system limitations and capabilities, and provide guidelines on the best experimental practices. Furthermore, we present a thorough investigation of the elastic-viscoplastic properties of amorphous Si electrodes, during cell operation at different C-rates and at open circuit. Pure Li metal is characterized separately. We measure the continuous evolution of the elastic modulus, hardness, and creep stress exponent of lithiated Si and compare the results with prior reports. operando indentation will provide a reliable platform to understand the fundamental coupling between mechanics and electrochemistry in energy materials. photovoltaics, 7 and hydrogen storage. 8 The electrochemical reactions between the host material and guest species induce deformation, stress, fracture, and fatigue which cause ohmic and thermal resistance increase, and performance degradation. Likewise, mechanical stresses regulate mass transport, charge transfer, interfacial reactions, and consequently the potential and capacity of electrochemical systems. 9 In batteries, mechanical degradation compromises the performance of current technologies [10] [11] [12] and limits the implementation of high-capacity electrodes.
photovoltaics, 7 and hydrogen storage. 8 The electrochemical reactions between the host material and guest species induce deformation, stress, fracture, and fatigue which cause ohmic and thermal resistance increase, and performance degradation. Likewise, mechanical stresses regulate mass transport, charge transfer, interfacial reactions, and consequently the potential and capacity of electrochemical systems. 9 In batteries, mechanical degradation compromises the performance of current technologies [10] [11] [12] and limits the implementation of high-capacity electrodes. 13, 14 Mechanics of both anode and cathode materials, such as diffusion-induced stresses, large deformation, plasticity, and fracture, have been extensively studied in recent years. [15] [16] [17] [18] [19] [20] Nevertheless, the intimate coupling between mechanics and electrochemistry is far from complete understanding despite a considerable volume of existing studies. One major deficiency is the lack of reliable experimental tools to characterize the mechanical behaviors of electrodes under real electrochemical conditions. The operation of batteries is extremely sensitive to the work environment -a trace of oxygen and moisture can cause numerous side reactions. In contrast, most mechanical test equipment is open system with limited capability of environment control. As such, the mechanics and electrochemistry of batteries are often characterized separately. Recent studies propose that the mechanical response of materials at the chemical equilibrium states may differ from that under concurrent mechanical and chemical loads. 21, 22 There is an urgent need for an experimental platform to probe the chemomechanical behaviors of electrodes in the course of electrochemical reactions. Current experimental tools have been able to provide valuable insight. Due to the generally small characteristic size and heterogeneous feature of electrodes, large-scale mechanical tests find limited applications in energy materials, restricting most relevant measurements to the nano-and micro-scales. The wafer-curvature method is a convenient and reliable tool to measure the stress evolution in thin-film electrodes during electrochemical cycles. This technique has been used to monitor the stress development in Ge, 23 Si, 24 metal oxides, 25, 26 and composite thin films 27 at a specific states-of-charge. Nevertheless, it is not convenient to map the continuous evolution of mechanical properties (elastic modulus, hardness, viscous property) of electrodes upon Li reactions, or to probe the local variations in a composite configuration by wafer-curvature measurements. Another method to determine the mechanical properties in a controlled environment is tensile tests of nanowires. Kushima et al., for instance, performed delicate tensile experiments of fully lithiated Si nanowires inside a transmission electron microscope (TEM). In this test, an atomic force microscopy (AFM) cantilever connected to a Li rod was used to conduct lithiation and subsequently apply tension to the nanowire. 28 While the TEM experiment can provide desirable information such as fracture strength and Young's modulus of nanowires, the electrochemical conditions cannot be controlled, which results in divergent results in literature. 29 Ex-situ nanoindentation and AFM experiments have been employed in the characterization of battery materials, owing to the simplicity of the test, the resolution being suitable to the size of the electrode constituents, and the ability to access a range of material behaviors. [30] [31] [32] [33] In-situ AFM is an effective technique to examine the solid electrolyte interface (SEI) layer and the morphological evolution of electrodes during electrochemical cycles. 34 One study tracked the volumetric expansion and the thickness of SEI of Si thin-film electrodes, and explained the capacity hysteresis due to the coupling between the electrochemical potential and mechanical stresses. 35 Another study used in-situ AFM to investigate the distribution of elastic modulus of the SEI across the sample surface; close inspection of the loaddisplacement curves indicated that the SEI structure is highly heterogeneous, composed of a combination of multiple layers, hard particles, and bubbles. 36 Application of in-situ AFM to study the mechanics of electrode materials is, nonetheless, scarce. One report characterized Si nanopillars in an electrochemical cell in a dry room. 37 Although results provide qualitative information on the influence of lithiation on the mechanical properties, the data exhibited excessive noise which makes the data interpretation elusive. 37 Thus, while AFM is an outstanding tool for probing the morphology of relatively soft materials, nanoindentation is better suited for studying the mechanical response of active materials in batteries, which are in general of high mechanical strength.
Nanoindentation is a well-established technique to measure a variety of mechanical properties of materials at the local positions. The experimental setup requires careful control of the stability of the surrounding environment, sample size and properties, surface condition, and tip size and geometry. Additional challenges are associated with probing materials submerged in a fluid cell environment. When it comes to operando indentation in the course of electrochemical reactions, specific challenges, such as the volumetric change of electrodes during indentation, the substrate effect, structural degradation of the electrodes, and the interference of SEI must be addressed. The goal of this paper is to demonstrate the feasibility of operando indentation to obtain reliable mechanical measurements not only in situ, but also during battery operation under various charging rates.
We integrate a nanoindenter, a home-developed fluid cell, and an electrochemical station into an argon-filled glove box. Nanoindentation tests are performed on the electrode submerged in the electrolyte solution as the cell is (dis)charged in an open configuration. We evaluate the influence of the argon environment, electrolyte solution, structural degradation and volumetric change of electrodes upon Li insertion, and the effects of SEI and the substrate. Results inform on the system limitations and capabilities, and provide guidelines on the best experimental practices. Finally, we measure the dynamic evolution of the elastic modulus, hardness, and creep stress exponent of lithiated Si as a continuous function of Li concentration under open circuit as well as various charging rates. The elastic modulus and hardness of lithiated Si steadily decrease as Li reaction proceeds. A power-law relationship between the strain rate and hardness is obtained, with stress exponents of 50 for pristine Si, 22 for lithiated Si of a wide range of Li compositions, and 8 for pure Li. The creep behavior of Si changes dramatically during the first 5% of lithiation and remains mostly invariant in the subsequent lithiation process. The results are in good agreement with prior reports and provide a map of mechanical properties of Si in a complete process of Li insertion.
Experimental Methods
The experimental platform integrates a Keysight G200 nanoindenter equipped with continuous stiffness measurement (CSM), a Princeton VersaSTAT3 electrochemical station, and a home-developed fluid cell into an argon-filled glove box (O 2 and H 2 0 < 1 ppm), Figure  1 . The fluid cell is made of Teflon, which is chemically inert to the liquid electrolyte. The height of the fluid cell is carefully designed in order to maintain sufficient liquid electrolyte to fully cover the electrodes, and also to avoid the interference with the motion of the indenter tip, allowing the stage to travel freely from the indenter to the microscope for surface inspection. The sample under investigation is fixed to the center of the fluid cell and serves as the working electrode (WE), while Li metal ribbons are used as the reference (RE) and counter (CE) electrodes fitting inside the slots surrounding the cell. The reference and counter electrodes will not interfere with the indentation of the working electrode. The selected electrolyte, 1M LiPF 6 in propylene carbonate (PC) is nonvolatile, enabling a constant fluid level and salt concentration during long tests; preliminary tests using relatively volatile solvent diethyl carbonate (DEC) show more noise and variation in the experimental results.
We first perform control experiments to validate the custom work condition of nanoindentation. Figure 2 shows the comparisons of the elastic modulus of fused silica and amorphous silicon measured in the air versus argon environment, in the standard holder versus the dry fluid cell, and on dry material versus wet sample submerged in the electrolyte-filled fluid cell. The different measurements show close values in the various configurations. The consistent results confirm that the effects of the dielectric constant of Ar on the capacitance gauge of nanoindentation, the non-standard sample holder, and the buoyance and surface tension of the liquid electrolyte are negligible. For the best practice, the enclosure should be solely dedicated to the indentation experiments, since any gas refilling or environmental fluctuation during test may induce excessive noises.
Sample preparation.-Amorphous Si and Li metal are the samples to be characterized. High-purity Li metal ribbons (99.9%, 0.75 mm thick, Sigma-Aldrich) are used, whereas a-Si thin films are prepared using the Leybold E-beam Evaporator. The fabrication starts with the deposition of a 50 nm Ti thin film onto a 1 mm thick silica substrate, followed by the deposition of a 300 nm copper film, both at a rate of 0.5 Å/s. The Cu film serves as the current collector, and the Ti underlayer is used to improve the adhesion between the Cu film and the glass substrate. Finally, a 500 nm Si film is deposited at the same rate of 0.5 Å/s. In addition, a second silicon film, 1.4μm thick, is fabricated for the evaluation of the substrate effect in indentation measurements. The fabrication followed the same procedure, except that the deposition rate of the thick Si film is 1.5 Å/s. The amorphous structure has been 
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Journal of The Electrochemical Society, 164 (14) A3840-A3847 (2017) verified in many previous studies for E-beam evaporation of Si films under similar conditions. 38, 39 Concurrent nanoindentation and galvanostatic chargedischarge.-Nanoindentation is performed on a silicon electrode undergoing electrochemical reactions. Tests are conducted uninterruptedly with a grid spacing of 40 μm between indents. Separate, ex-situ measurements (33 indents for one indentation depth) are performed on Li metal ribbons on a standard holder.
The CSM method is used for hardness and modulus measurements (2 nm harmonic displacement, 45 Hz frequency). Tests followed a typical chronology: Indenter approaches material until surface is detected (detection criteria: contact stiffness S > 200 N/m), loads at a constant strain rate (0.05 s −1 ), holds at the maximum load for a dwell time (10 s), partially withdraws and holds the constant load for a second dwell time (60 s) to measure the drift-rate, and finally completely withdraws from the sample. The hardness H and elastic modulus E are given by:
and
where P is the load, v and v i are the Poisson ratio of the sample and the indenter, respectively, E i is the elastic modulus of the indenter, and E r = 0.5S √ π/A c . The Poisson ratios of 0.22 and 0.3 are specified for Si and Li, respectively. 40 The area of contact A c is calibrated using the standard fused silica sample. The area function for a Berkovich indenter is A c ∼ 24.5h 2 c , 41 where the contact depth h c is calculated from the absolute tip displacement h, and h c = h − 0.75P/S. 42 In quasi-static indentation tests, the stiffness S is given by the slope of the load-displacement curve during tip removal, while in the continuous stiffness measurement (also known as dynamic instrumented indentation), the stiffness is derived from the in-phase material response to the superimposed oscillating signal. 43 The constant load and hold method (CLH) is used for creep measurements, for which both the dynamic (CSM) and quasi-static (QS) instrumented nanoindentation are employed. 44 The QS test is preferred over CSM for tests of relatively short hold period to avoid the additional noise from CSM. 40 CSM experiments are conducted for a relatively longer hold period; the results are used to cross-validate the output of the QS measurements. For both tests, the tip is loaded until the maximum indentation depth is reached (100 nm for Si electrode and 3 μm for Li metal), the load is maintained constant for a period of hold time while the tip displacement is measured. Figures S1a and S1b summarize the procedure used for the determination of the creep stress exponent. The tip displacement measured during the peak load is fitted with a Belehradek function 40 ( Figure S1a ). The data from QS measurements is fitted up to 20 s for Si thin film and 300 s for Li metal, where the creep rate is larger compared to the typical thermal drifts. The time derivative of the fitted curve,ḣ, divided by the tip displacement h, gives the indentation strain rateε i =ḣ/ h. 45 The stress exponent n in the creep power-law is obtained by the slope of the logarithmic plot of hardness, H , versus the indentation strain rateε i ( Figure S1b ):ε
This relationship is analogous to the dependence of strain rateε on the applied stress σ in uniaxial creep tests (ε u = C 2 σ N ), where C 1 and C 2 are both constants and N is the stress exponent. Despite the large difference in the test methodology, it has been shown that, under steady state conditions (hardness is constant for a constant strain rate), the exponents N and n are close for the same materials. [44] [45] [46] [47] Note that Equation 3 requires the hardness to be measured throughout the hold period; this is not practical in QS nanoindentation because the unloading stiffness is undetermined during the hold period. Prior research has shown that the nominal pressure p nom , which is determined directly from the total indentation depth h, p nom ∼ = P/24.5h 2 , can be used to accurately estimate the stress exponent. 44, 48 Once the elastic transient deformation dissipates, the hardness is a linear function of the nominal pressure, H = C 3 p nom , where C 3 is a constant. This relationship yields the strain-rateε i = C 1 C n 3 p n nom . Here we have employed the nominal contact pressure in QS tests for the creep characterizations. We use the CSM along with the Maier method 49 in longer hold-period tests to cross-validate the results. The holding times of 300 s and 600 s are set for partially lithiated Si and Li metal, respectively. After long hold times, the creep rate is comparable to the thermal drift. The thermal drift correction cannot effectively rectify the data if the drift rate is not constant throughout the hold period. The CSM method offers the advantage of the continuous measurement of the stiffness, which allows the area of contact during the hold time to be extracted from the Sneddon's equation:
Once the contact area is obtained, the hardness is the load divided by the contact area. The tip contact displacement h c is numerically solved from the area function to determine the strain-rate (ḣ c /h c ). We find that the stress exponents obtained using the CSM with long hold periods are close to those of QS measurements with short hold periods (details in Elastic modulus, hardness, and creep stress exponents of Li x Si and Li metal section).
Galvanostatic lithiation is employed for operando indentation. Continuous measurements of elastic modulus, hardness, and creep stress-exponents are performed during the first galvanostatic discharge Figure S2 , showing a complete set of electrochemical (voltage and current profiles) and indentation data (drift-rate, elastic modulus, and hardness) as a function of the discharge time. In addition, electrochemical cycling is employed to evaluate the relation between the drift-rate and the applied current at high C-rates (C/1.5 and C/3.3).
Li concentration is calculated from the state of charge of lithiated Si (assuming a lithiation capacity of 3579 mAh/g for Si). This estimation assumes a homogeneous distribution of Li throughout the sample. Note that the local Li concentration near the indenter tip may deviate from the nominal concentration as the stress field may alter the chemical potential of Li. The inhomogeneity of Li distribution near the tip depends on the Li diffusion rate, the indentation time, and creep properties of lithiated silicon.
Challenges of operando Measurements
Structural degradation of electrodes.-In instrumented nanoindentation, the area of contact is derived from the displacement of the tip into the surface as opposed to directly imaging the residual impression. The accuracy of the result depends on the sample surface being approximately flat and continuous. For instance, indenting on top of a discontinuity such as a crack would lead to uninterpretable results. Since Si is known to undergo significant volumetric expansion and structural degradation during lithiation reactions, we monitor the integrity of the surface via optical microscope before and after tests. Figure 3 shows the representative optical images of the surface of the Si film during the first electrochemical cycle (video in the supplementary information). During Li insertion, the in-plane expansion of Si thin film is constrained by the substrate, leading to high compressive stresses which suppress crack nucleation and growth, Figures 3a, 3b , and 3c. Pre-existing local imperfections are amplified during lithiation. However, most of the regimes are maintained in good conditions, allowing grid indentation to be performed over a large area. A small percentage of compromised tests (< 4% of all tests) falling nearby the local imperfections are easily identifiable and are removed from the results. Delithiation starts once the voltage cutoff for lithiation is reached. During Li extraction, Si shrinks and the stresses switch the sign from compressive to tensile which drive cracks formation and propagation, Figure 3d . We observe that the first set of cracks generally develop between 25-65% of delithiation and grow and widen as delithiation proceeds, Figure 3e . Most damages occur at the final 15% of delithiation, resulting in massive delamination of the thin film from the substrate (appears as dark regions in optical images due to light deflection) and/or extensive formation of micron-sized islands. In this work, we limit the mechanical measurements to the first lithiation to avoid excessive cracking and SEI growth. For the interest of investigating mechanical behaviors of Si in the course of charge and discharge cycles, the structural integrity of the sample could be preserved by providing relatively narrow electrochemical windows.
Volume expansion of electrodes during indentation.-Si expands during operando indentation while Li inserts. The indenter displacement into the surface of the sample is determined by subtracting the tip displacement before contact from its entire moving distance. If the sample changes in size when the tip is reaching the specified maximum load or displacement, the estimated contact depth, and consequently the area of contact, is inaccurate. Here we evaluate (1) the drift caused by the volumetric change of electrodes during Li reactions, so-called electrochemical drift as an analogy to the thermal drift, and (2) the effectiveness of the conventional thermal drift correction to treat the electrochemical drift.
We first evaluate the electrochemical drift at different charging rates. For the sake of estimation, let's assume h c ∼ = h and A c ∼ = 24.5 h 2 , therefore,
The subscripts "M" and "T" stand for the measured and true values, respectively. The relationship between the measured and the true indentation depth (inset schematic in Figure 4a ) is h T = h M +ḋ t, where h is the indentation depth,ḋ is the rate of change of the sample thickness, and t is the elapsed time from the tip in contact with the sample surface. Simplifying Equation 4 and putting it in terms of measured tip displacement h M , the error in the hardness H due to the volume expansion of Si is:
Similarly, the error in the elastic modulus E can also be estimated:
The relationship between the volume expansion of Si and the degree of lithiation is approximately linear. 35 Assuming the film only expands out-of-plane, the present thickness d is given by 35 For galvanostatic charging, the state of charge is given by z = i Q t, where i is current, Q is the charge capacity of the Si electrode, and t is the charging time. Taking the time derivative of the film thickness d, it gives the rate-of-change in film thickness with respect to the charging rate:ḋ = βd 0 i Q . [7] As i/Q dictates the charging rate C rate , the combination of Equations 5, 6 and 7 offers an estimate of the error in indentation introduced by sample expansion/shrinkage as a function of the charging rate. Figure 4a shows the estimated error in hardness and elastic modulus for d 0 = 500 nm, t = 70 s, and h M = 100 nm, which are typical values in the nanoindentation experiments. The results show that the error, if the electrochemical drift is not corrected, can be significant (more than 10%), especially for the measurements of the charging rate over C/4. For the intercalation-type electrodes, the volumetric expansion is small and has negligible effects on hardness and modulus measurements. However, for the insertion-and conversion-type high capacity electrodes such as Si, 50 the electrochemical drift, in particular during fast charging, is significant. We need to establish a procedure to account for the electrochemical drift in order to investigate the mechanical behaviors of materials at non-equilibrium chemical states.
Thermal drift correction is a conventional method to analyze the tip displacement when the sample is undergoing volume changes during indentation. 41 For example, in high-temperature measurements, the temperature difference between the tip and the sample may lead the material around the tip to expand or shrink. 51 The schematic in Figure 4b illustrates the correction procedure (the drift-rate is exaggerated in the illustration). During the thermal drift period, step 4 in a typical test chronology, the load (red line) is maintained constant while the tip displacement (continuous blue line) is measured. The rate of change in tip displacement with time gives the thermal driftrate,ḣ d . This value, multiplied by the elapsed time, is subtracted from the indentation depth h M which gives the corrected tip displacement h corrected (dotted blue line). Notice that the correction is only effective A3845 structural rearrangements of the host material upon the application of the current or the large compressive stress that may facilitate material pile up around the indenter. Figure 5c depicts the average electrochemical drift rateḣ d (red dots) (excluding the peaks resulted from the electrochemical shocks) as a function of the C-rate. The experimental output is in good agreement with the theoretical prediction ofḋ in Equation 6 . The electrochemical drift rate is on the same magnitude of the typical thermal drift in high-temperature tests (∼0.2 nm/s) 51 that the thermal drift correction can be an effective way to account for the volumetric change of electrodes during electrochemical reactions. Although the electrochemical drift and the thermal drift can be separately measured as shown in Figures 5a and 5b , it is not necessary to separate these two origins of drift and the standard correction procedure outlined in Figure 4 is sufficient to account for both effects.
Interference of surface layer and substrate effect.-A challenge of the operando measurement is the presence of the SEI layer on top of the Si sample. We will evaluate the potential interference of the surface layer in nanoindentation. The substrate effect is not a particular problem of operando indentation, nevertheless, it is a common issue in the characterization of thin films and its assessment is important in the data interpretation. The continuous stiffness measurements are helpful in assessing the SEI and the substrate effects in which the elastic modulus and hardness are measured continuously as a function of the indentation depth.
The thickness of the SEI of Si, ranging from a few to several tens of nanometers, largely depends on the choice of the liquid electrolyte. Yoon et al. determined the SEI thickness of Si in the half-cell composed of amorphous Si/LiPF 6 -PC electrolyte/Li metal using in-situ AFM measurements. They found that the SEI thickness by the end of the first lithiation is less than 5 nm and is ∼10 nm after the first cycle. 35 Another report by Zheng et al. found that the SEI structure formed on Si is significantly inhomogeneous across the electrode surface. The elastic moduli of the constituents of SEI are typically below 1 GPa with peak values around 4 GPa. 36 The SEI is considerably more compliant than lithiated Si. We assess if the presence of SEI would lead to the overestimation of the contact area between the tip and the Si film. Equation 2 provides the contact stiffness as a function of indentation depth in a material of a given elastic modulus. For the SEI layer of thickness 10 nm and typical modulus 1 GPa, the contact stiffness of approximately 60 N/m is obtained which is considerably lower than the surface detection criteria S >200 N/m. Thus, the measured indenter displacement should be insensitive to the compliant SEI layer and the influence of SEI in our experiments can be neglected. It is worth reiterating that SEI is a complex issue and its thickness can be substantially different under different cyclic conditions. One study reported that the SEI thickness is ranging from 7 to 20 nm depending on the electrochemical window, temperature, and electrolyte additives. 36 In operando indentation, a few approaches can be used to mitigate the effect of SEI such as increasing the indentation depth, using larger contact stiffness for surface detection, and narrowing the electrochemical window. The capability of CSM measurements to acquire mechanical properties as a function of the indentation depth is useful in detecting the SEI effect. A plot of the elastic modulus and hardness versus indentation depth would display a large change in slope as the indenter crosses a softer SEI layer into a much stiffer electrode.
The substrate effect mainly depends on the ratios between (1) the indentation depth and the film thickness, and (2) the mechanical properties of the film and the substrate. A general rule is that the indentation depth of less than 10% of the film thickness can minimize the substrate effect. 52, 53 In our experiments, 80 nm is about the shallowest indentation depth below which excessive noise would compromise the precision of the tests. Figure 6 compares the modulus and hardness of a thin Si film (initial thickness of 0.5 μm and ∼1.6 μm after full lithiation) and a thicker film of 1.4 μm thickness. The thick film was not suitable for operando tests as it experiences enormous structural degradation upon lithiation and is only used to evaluate the substrate effect. Figure 6 shows the modulus and hardness measured at different indentation depths by CSM for the two Si samples. The thin film is apparently much more sensitive to the substrate. When the thin film is lithiated and expands in its thickness, the substrate effect is mitigated. The slope of elastic modulus with respect to the indentation depth changes its sign from negative to positive when Si is fully lithiated, which is a result of the film being initially stiffer than the silica substrate, but more compliant by the end of the lithiation (elastic moduli for pure Si, fully lithiated Si, and silica substrate are about 110 GPa, 50 GPa, and 70 GPa, respectively). At the indentation depth of 80 nm, the hardness of the thick and thin samples is about to converge while the elastic modulus differs by around 10%. The comparison suggests that the deviation of the elastic modulus measurements for the thin Si film upon lithiation is bounded at approximately 10%, which agrees with the models of substrate correction. [54] [55] [56] The application of substrate correction using the established models would require simplifying the underneath Cu, Ti, and silica multilayers to a single layer. In this work, we opt for presenting raw measurements while acknowledging the bounded uncertainty resulted from the substrate effect.
Elastic Modulus, Hardness, and Creep Stress Exponents of Li x Si and Li Metal
We measure the continuous evolution of the mechanical properties of Si in the course of Li reactions using operando indentation. We focus on the effects of (1) the Li composition, and (2) The elastic modulus and hardness are measured using CSM. The modulus and hardness of pure Li (green star in Figures 7a and 7b ) are 8.53 GPa and 28 MPa, respectively. The elastic modulus is close to the uniaxial tensile test result which is 7.8 GPa. 57 The supplementary information Figure S3a shows the load-displacement curves for indention of Li metal at different indentation depths, and Figure S3b shows the elastic modulus and hardness of Li metal as a function of the indentation depth. The large standard deviation is possibly caused 58 Hertzberg et al., 30 Berla et al., 40 and Tariq et al. 57 (d, e, f). Separate measurements performed on pure Li metal are included (green star).
by the surface roughness of the Li sample, Li creep, and material pileup near the indentation tip. For lithiated Si, the elastic modulus and hardness steadily decrease with Li concentration. The elastic modulus drops from approximately 110 GPa for pristine Si to 47 GPa for Li 3.2 Si (52% reduction), while the hardness decreases from 10.6 GPa to 2.2 GPa (78% reduction). The results are well within the range reported by ex-situ measurements, 30, 40, 58 confirming that the SEI layer has a negligible effect on the operando measurements and that the surface quality is sufficient for indentation tests. The comparisons with literature also clearly show the advantage of the uninterrupted tests. In ex-situ experiments, multiple samples are charged up to a specific state-of-charge, removed from the cell, and tested using different means to suppress oxidation such as covering the sample with inert oil and providing a continuous flow of inert gas. It appears that the variation of the experimental procedures may introduce some unnatural transitions in the mechanical properties during lithiation which makes data interpretation difficult. Our operando indentation results show the continuous and smooth decrease of the modulus and hardness of lithiated Si, and the rule of mixture provides a reasonable approximation to capture the dynamic evolution of the mechanical properties.
Figures 7c and 7f depict the stress exponent of lithiated Si as a function of the Li composition under different charging rates. The results are obtained from the constant-load hold quasi-static measurements (load-displacement curves at various Li concentrations are shown in Figure S4 ). The stress exponent for pure Si is approximately 50, or equivalently, the strain rate sensitivity is 0.02, with 0 meaning that the stress response is insensitive to the strain rate, and 1 representing Newtonian viscous flow. The comparison between the 0.5 μm (solid black circle) and the 1. 59 This transition is corroborated by our measurements of the stress exponents. The constant strain-sensitivity of lithiated Si over a wide range of compositions is intriguing and its mechanistic understanding remains to be explored in a future study. The stress exponent of approximately 22 for lithiated Si is in close agreement with exsitu nanoindentation measurements reported by Berla et al. 40 Other studies 57, 60, 61 on the viscoplastic properties of Li metal and lithiated Si adopted power-law type constitutive equations (ε = A(σ − σ o ) δ ) using the overstress instead of the absolute stress (ε = B(σ) n ), where A and B are constants, σ is the flow stress, σ o is a reference stress, δ is the overstress exponent, and n is the conventional stress exponent. We want to point out this detail because the stress exponent and the overstress exponent are not equivalent. Normalizing the stress and strain rate, nevertheless, does not change the value of the exponent. The reported values of δ for Li metal from uniaxial tensile experiments at various strain rates 57 and indentation tests at constant loading rate 60 are 1.75 and 1.85, corresponding to the stress exponents n of 11.9 and 9.0, respectively. These values are consistent with the result obtained in this work which is about 8.1. We compare the QS creep results with the CSM output using the Maier method. 49 The stress exponent of partially lithiated Si is 20.4 for the holding time of 300 s, while the stress exponent of Li metal obtained from the 600 s holding is 8.77.
We observe that the elastic modulus and hardness of lithiated Si for a given composition measured at different charging rates and under open circuit condition are nearly identical, Figures 7a and 7b . A few earlier studies proposed the dependence of the mechanical properties of electrodes on the charging rate. Brassart and Suo 22 postulated that under the non-equilibrium chemical state, the chemical driving force for reactions in a solid perturbs the valence states of the reactants and enables a material to flow under a lower level of stress than that at the chemical equilibrium state. Zhao et al. 62 found that the wafer curvature measurement of the biaxial stress in Si thin films cycled at 1C was lower than the yield strength obtained from first-principles modeling, and attributed such difference to this coupling between reaction and plastic flow (reactive flow). The coupling of chemical reactions and plasticity has also been studied by recent theories of anisotropic compositional expansion and glassy relaxation. 63, 64 The coupling between the mechanical properties and the chemical reaction rate is not apparent in the operando indentation tests. For instance, the hardness, which is typically in a linear relationship with the flow stress, is about the same for the measurements at galvanostatic charging rates of C/2.9 and C/10.6 as well as at open circuit condition. This finding, however, does not exclude the possible coupling between the mechanical behaviors and the reaction rate in electrodes. With the relative slow charging rates, the coupling effects may be convoluted with the variation of the experimental output, or the timescales for the chemical reaction and plastic flow of lithiated Si may be vastly different which makes it difficult to capture by nanoindentation. Further investigation considering a wider span of charging rates and different materials is necessary to make more conclusive assessments of reactive flow and will be a topic for another study. It is also worth noting that wafer curvature experiments on Si found that the flow stress increased by 0.1 GPa when the charging rate increased from C/128 to C/2. 65 Pharr et al. attributed this effect to the strain-rate sensitivity. In wafer curvature experiments, the substrate bends proportionally to the stress developed in the film electrode, which depends on the rate of Li insertion as well as the viscoplastic properties of the electrodes. In nanoindentation, however, the strain rate and the electrochemical charging rate are separate -the strain rateε =ḣ/ h is provided by the load cell while the charging rate is controlled by the electrochemical station. Thus, operando indentations allow the measurement of modulus and hardness of electrodes independently from their viscous behaviors.
Conclusions
In this work, we set forth an operando indentation platform that integrates a nanoindenter, a custom fluid cell, and an electrochemical station in an inert environment. The experiment enables the measurement of the dynamic chemomechanical response of electrodes in an open configuration during real-time electrochemical reactions. We address the technical challenges associated with the custom working environment, the structural degradation and volumetric expansion of the electrodes, and the interference of the surface layer and the substrate effect. We determine the continuous evolution of the elastic modulus, hardness, and creep stress exponent of lithiated Si as a function of Li concentration. The comparisons with the prior reports are discussed and the advantages of the operando indentation are highlighted. operando indentation provides a perfect platform to characterize the chemomechanical behaviors of materials during the dynamic process of electrochemical reactions. In the future, it will help to unravel a variety of phenomena in energy materials involving the intimate interactions between mechanics and electrochemistry, such as stress-regulated ion diffusion and electron transfer, 66 concurrent processes of plasticity and reaction, 62, 22 corrosive fracture, 67 and mechanical stability of electrodes in the long-term performance of batteries. 68 
